Comparisons of infectivity among the clinically important nontuberculous mycobacteria (NTM) species have not been explored in great depth. Rapid-growing mycobacteria, including Mycobacterium abscessus and M. porcinum, can cause indolent but progressive lung disease. Slow-growing members of the M. avium complex are the most common group of NTM to cause lung disease, and molecular approaches can now distinguish between several distinct species of M. avium complex including M. intracellulare, M. avium, M. marseillense, and M. chimaera. Differential infectivity among these NTM species may, in part, account for differences in clinical outcomes and response to treatment; thus, knowing the relative infectivity of particular isolates could increase prognostication accuracy and enhance personalized treatment. Using human macrophages, we investigated the infectivity and virulence of nine NTM species, as well as multiple isolates of the same species. We also assessed their capacity to evade killing by the antibacterial peptide cathelicidin (LL-37). We discovered that the ability of different NTM species to infect macrophages varied among the species and among isolates of the same species. Our biochemical assays implicate modified phospholipids, which may include a phosphatidylinositol or cardiolipin backbone, as candidate antagonists of LL-37 antibacterial activity. The high variation in infectivity and virulence of NTM strains suggests that more detailed microbiological and biochemical characterizations are necessary to increase our knowledge of NTM pathogenesis.
More than 199 different species of nontuberculous mycobacteria (NTM) have been identified to date (1) . NTM are common inhabitants of environmental water biofilms and soil, and can be aerosolized and inhaled into the lungs through daily activities such as showering and gardening (2, 3) . Over the last 30 years, NTM lung disease (NTM-LD) has become increasingly prominent, even outnumbering tuberculosis cases in many regions of the world (4). Long-term therapy is often necessary to treat NTM-LD, and recurrence due to relapse or reinfection is common, resulting in substantial morbidity and mortality (5, 6) .
Rapid-growing mycobacteria (RGM), such as Mycobacterium abscessus, are of great concern, especially with regard to patients with cystic fibrosis (CF). RGM require treatment with prolonged multidrug antibiotic regimes, and even then are often refractory to treatment, with a high likelihood of relapse (7) . M. porcinum is another RGM that is increasingly recognized as a human pathogen (8) . In patients without CF, the most common LD-causing NTM belong to the M. avium complex (MAC) and are slow-growing mycobacteria (SGM). In previous work, we applied rpoB gene sequencing to identify M. abscessus, M. porcinum, M. intracellulare, M. marseillense, and M. chimaera species from environmental and clinical samples (9) . The differential ability of these NTM organisms to survive within host macrophages is an important observation that has furthered our understanding of NTM pathogenesis. Another barrier in the current field of NTM research is the lack of knowledge regarding the virulence mechanisms used by pathogenic NTM.
The well-characterized virulence factors of M. tuberculosis include a variety of lipid molecules; however, much less is known about the NTM lipid components that contribute to host immune evasion (10) . Previously, we reported a novel virulence mechanism of NTM that is mediated by lipids and results in resistance to and inactivation of the cathelicidin antibacterial peptide (LL-37) by NTM cell membrane (CM) and/or cell wall (CW) lipids (11) .
In the current study, we assessed the ability of different NTM species and isolates of the same species to survive exposure to human macrophages and to evade LL-37-mediated bacterial killing. We discovered that 1) the number of cell-associated NTM varied markedly among species and even among isolates of the same species after infection of human macrophages, suggesting intrinsic differences in infectivity even among closely related NTM isolates; 2) increased virulence correlated with heightened numbers of macrophage-associated NTM and resistance to and neutralization of LL-37 antibacterial activity; and 3) NTM-modified phospholipid molecules likely function as virulence factors by neutralizing the antibacterial activity of LL-37.
Portions of this manuscript have been previously published in abstract form (12) .
Methods
Please see the data supplement for additional details regarding the methods used in this work. Table 1 lists all of the isolates used in this study. These isolates were chosen because they are either well-described type strains with available genomic information or were previously cultured and identified via partial gene sequencing from environmental or clinical samples by our laboratory (9) .
NTM Isolates Used in this Study

NTM Infection of Human Immune Cells and LL-37 Immunoblotting
Human THP-1-derived macrophages were used because they are a standard cell line that is commonly used in mycobacterial experiments and because the isogenic nature of this cell line limits experimental variability (13) . The infection protocol used was adapted from our published work of mycobacteria-infected THP-1 macrophages (14) (15) (16) (17) (18) . Isolation and infection of primary human monocyte-derived macrophage (MDM) and alveolar macrophage (AM) cell cultures, and LL-37 immunoblotting are described in the data supplement.
Monitoring the Antibacterial Activity of LL-37 against NTM
The methods used to monitor the antibacterial activity of LL-37 against NTM were previously described (11) and are also detailed in the data supplement.
Thin-Layer Chromatography of NTM Lipids and LL-37 Binding Immunoblotting
To define the NTM lipids that bind LL-37, CM lipids, total lipids from the CW, and cytosolic fractions were prepared from NTM isolates. To determine whether lipids present in these fractions bind LL-37, fractions were spotted in triplicate onto identical silica plates and subjected to TLC. The first two plates were sprayed with CuSO 4 and a-naphthol to visualize lipid species and glycolipids, respectively. To determine which NTM lipids LL-37 binds, the third plate was used for LL-37 binding IB as described in the data supplement.
Testing the LL-37 Inactivation Activity of Pure Phospholipids Purified lipids were obtained from Avanti Polar Lipids and included soy L-a-lysophosphatidylinositol (PI; #840044), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC; #850457), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE; #850725), and 1,19,2,29 tetraoleoyl cardiolipin (CL; #710335). The lipids were stored dry at 220 8 C, resuspended in 2:1 chloroform:methanol, and subjected to TLC and LL-37 binding immunoblots. For LL-37 bioassays, lipids were dissolved in absolute ethanol and stored at 220 8 C.
We previously demonstrated that Escherichia coli is susceptible to 25 mg/ml of LL-37, and NTM-exposed LL-37 loses its potent activity against E. coli (11). The E. coli bioassay was used to determine whether these purified lipids and total lipid extracts (TLEs) from M. chimaera 12-54-Sw-B-1 and 12-7-S-1-3 neutralize the antibacterial activity of LL-37. LL-37 at 25 mg/ml was added to 1 mg of lipid in 250 ml of LL-37 media (defined in the data supplement) and preincubated at 37 8 C
Clinical Relevance
Differences in virulence among the clinically relevant nontuberculous mycobacterial (NTM) species and the factors that promote host evasion are understudied. We show that macrophage infectivity varies among NTM species and even among isolates of the same species. Moreover, NTMderived phospholipids may facilitate evasion from host innate antibacterial peptides such as cathelicidin.
ORIGINAL RESEARCH for 4 hours. Subsequently, 2 3 10 5 E. coli was inoculated into each of the samples, incubated for an additional 4 or 20 hours, and swabbed onto Luria-Bertani agar plates to assess E. coli growth. As an untreated control, E. coli was inoculated into 250 ml of LL-37 medium. As a positive control, E. coli was incubated with synthetic LL-37 peptide (25 mg/ml). The vehicle, 0.4% ethanol, was also incubated with and without LL-37 in the presence of E. coli.
Results
NTM Phylogenomic Tree
In our previously published work, we identified several NTM species using partial rpoB gene sequencing (9) . Thirty-two NTM isolates from this earlier study were selected for the current experiments. Partial rpoB sequences were used to create an alignment matrix of 726 bp. Of the 726 sites in the alignment, 146 sites (z20%) were variable and contained no missing data. The phylogenetic relationships between the 32 isolates in Figure 1 show the delineation between the growth rates (rapid vs. slow growing) and the included species.
NTM Demonstrate a Range of Interand Intraspecies Infectivity in Human Macrophages
THP-1-derived macrophages were infected with a variety of RGM and MAC species. RGM isolates of M. abscessus and M. porcinum showed inter-and intraspecies variations in THP-1 cell-associated growth by 96 hours after infection (Figure 2A) . Specifically, three different isolates of M. abscessus showed an increased cell-associated burden with time, and a fourth isolate (P2a) showed minimal change. In contrast, there was a marked temporal reduction in the macrophage-associated burden of M. porcinum.
The MAC species tested also demonstrated a range of infectivity in THP-1 macrophages. Among the five M. intracellulare isolates examined, two (AH2 and 12-56-S-1-2) showed modest growth when cocultured with macrophages. In contrast, M. intracellulare AH9, AH24, and 9141 demonstrated decreases in viable bacteria over time ( Figure 2B ). Macrophages also showed effective control of two isolates of M. avium (Chester and H87), M. timonense, M. interjectum, and M. colombiense ( Figure 2C ). The three isolates of M. marseillense tested showed a progressive decline in bacterial colony-forming units (cfu) over time, with THP-1 macrophages significantly controlling the growth of isolate AH17 by 96 hours after infection ( Figure 2D ). The M. chimaera isolates tested showed a range of growth in macrophages, as demonstrated in Figure 2E , including significant differences between the cfu of M. chimaera isolate 12-54-Sw-B-1 ( Figure 2E , red bars) and M. chimaera isolate 12-7-S-1-3 ( Figure 2E , blue bars). Based on these findings, we considered M. chimaera 12-54-Sw-B-1 to be more virulent than M. chimaera 12-7-S-1-3.
To investigate the status of LL-37 expression in THP-1 macrophages before and after infection with the moreor less-virulent M. chimaera isolates, we performed LL-37 IB. Less LL-37 was detected in lysates from cells infected with the more-virulent 12-54-Sw-B-1 M. chimaera isolate (red arrows) compared with lysates from cells infected with the less-virulent 12-7-S-1-3 M. chimaera isolate (blue arrows) at the 24-and 48-hour time points ( Figure 2F ).
To determine whether the cfu trends observed in the THP-1 macrophages could also be seen in primary immune cells, we compared the temporal cell-associated burden of M. chimaera 12-54-Sw-B-1 with that of M. chimaera 12-7-S-1-3 in infected human MDMs and AMs. Similar to what was seen in the THP-1 cells, a significantly Fruit cannery soil
Definition of abbreviations: M. = Mycobacterium; NTM = nontuberculous mycobacteria. "P" or "AH" indicates isolates recovered from respiratory samples from patients suspected of having NTM lung disease. The number 12 indicates isolates recovered from environmental sources in Hawai'i. "Sw" indicates NTM that were recovered from swabs used to sample biofilms on the surface of showerheads, kitchen sinks, and refrigerator spouts. "S" indicates NTM that were recovered from environmental sources of soil.
greater bacterial burden was observed with M. chimaera 12-54-Sw-B-1 than with M. chimaera 12-7-S-1-3 in both types of primary human macrophages ( Figures 3A and 3B ).
More-Virulent NTM Also Resist LL-37-mediated Bacterial Killing
We previously reported resistance to and inactivation of the LL-37 antibacterial peptide as a virulence mechanism of NTM (11). Because M. abscessus 12-45-Sw-A-1 showed significantly higher cfu than M. porcinum in the THP-1 macrophage assay (Figure 2A ), we tested these two isolates for their susceptibility to LL-37. M. abscessus 12-45-Sw-A-1 completely resisted exposure to varying concentrations of LL-37 ( Figure 4A ), whereas the M. porcinum isolate KAU12-9-Sw-B-2 exhibited significant sensitivity to 125 mg/ml of LL-37 ( Figure 4B , blue line). Although 25 mg/ml of LL-37 effectively killed E. coli ( Figures  4C and 4D , inset boxes), 25 mg/ml and 125 mg/ml of LL-37 incubated in the 96-hour conditioned media from M. abscessus lost its potent antibacterial activity against E. coli ( Figure 4C ), suggesting that a component in the conditioned media from this more virulent isolate inactivated LL-37. In contrast, 125 mg/ml of LL-37 incubated in 96-hour conditioned media from M. porcinum did not neutralize the antibacterial activity of LL-37 against E. coli ( Figure 4D ). Boiling the conditioned medium from M. abscessus before the addition of LL-37 did not abrogate the neutralizing activity of the medium (data not shown), indicating that a heat-stable, secreted NTM component was responsible for LL-37 inactivation. The more-virulent M. chimaera isolate, 12-54-Sw-B-1, and less-virulent isolate, 12-7-S-1-3, were also tested for resistance to LL-37. Although 12-54-Sw-B-1 showed a modest decrease in cfu in the absence of LL-37 at the 48-hour time point, bacterial cfu increased by the 96-hour time point ( Figure 4E ). Importantly, 12-54-Sw-B-1 was completely resistant to LL-37 ( Figure 4E red lines) . On the other hand, 25 and 150 mg/ml of LL-37 demonstrated significant antibacterial activity against the 12-7-S-1-3 isolate of M. chimaera ( Figure 4E , blue lines).
Modified Phospholipids of NTM Bind LL-37
To investigate the potential of specific NTM lipids that may be responsible for LL-37 inactivation, TLEs were prepared from M. chimaera 12-54-Sw-B-1 and 12-7-S-1-3 and subjected to TLC ( Figure 5A ). To further dissect which NTM factor(s) bind LL-37, TLEs were also probed for lipids that bind to LL-37. The LL-37 binding immunoblot, in which a TLC plate was incubated with LL-37 peptide and then immunoblotted with anti-LL-37 antibody (19) , revealed that LL-37 binds to M. chimaera polar lipids ( Figure 5B ).
To examine whether the binding of LL-37 to NTM polar lipids extends to another species of MAC and to RGM, as well as to further dissect which lipids of NTM ORIGINAL RESEARCH bind LL-37, various lipid-containing fractions were separated from M. intracellulare and M. abscessus. These lipid fractions were subjected to TLC and stained with CuSO 4 to detect lipid species, or with a-naphthol to detect glycolipids, and also probed for lipid-LL-37 complexes. LL-37 bound avidly to polar lipids in the CM and CW fractions (outlined by red box) of both species, but not to any of the nonpolar lipids ( Figures 5C and 5D) . Moreover, LL-37 did not bind to any component in the cytosolic fraction, indicating that the products responsible for this biological activity were present as surface molecules in M. intracellulare and M. abscessus. It is plausible that the cytosolic fraction contained less lipids than the CM and CW fractions; however, the bands in the upper portion of the lipid species and glycolipid TLC plates were similar in amount and intensity. Thus, we reasoned that the fractions contained comparable amounts of lipids, and thus the active component was primarily resident in the aforementioned fractions.
The current literature provides little information regarding detailed biochemical studies of NTM polar lipids (glycosylated or charged species decorated on smaller C8-C20 branched or single fatty acyl moieties) versus nonpolar lipids (wherein macromolecules include longer-chain branched or single fatty acyl backbones). Despite the scarcity of information, all mycobacteria are known to possess numerous phospholipids, including many PI derivatives, notably the PI mannosides (PIMs). To determine whether LL-37 binds these and/or other phospholipids of NTM, mass spectrometry (MS) was used to probe for NTM-specific phospholipids in BAL fluid samples from M. intracellulare-infected patients.
A representative spectrum of the molecular ions detected shows a region of PI in which the most prominent species were PI(18: 1/18:1), PI(16:0/18:1), and PI(18:0/20:4) ( Figure E1 in the data supplement). Next, biotinylated LL-37 peptide was incubated with M. abscessus-conditioned medium for 24 hours in a pull-down assay. Results from the MS analyses support our conjecture that M. abscessus phospholipids interacted with LL-37 (the pulled-down phospholipids are identified in Figure E2 and Table E1 ).
Putative NTM Candidates as LL-37 Antagonists
Because NTM-specific phospholipids are not commercially available, we used soy PI and synthetic CL, PE, and PC as substitutes to test their LL-37 neutralizing activity. TLC and LL-37 binding immunoblot analyses revealed that among the four phospholipids -actin
LL-37
Hours post infection tested, LL-37 interacted most strongly to CL ( Figure 6A ). When PI and CL controls were subjected to TLC and LL-37 immunoblots alongside TLEs from M. chimaera 12-54-Sw-B-1 and M. chimaera 12-7-S-1-3, LL-37 bound more strongly to lipids that comigrated with CL and less strongly to lipid components that comigrated with PI ( Figure 6B ). Next, using the E. coli bioassay, we tested PI, CL, PE, and PC for their capacity to inactivate LL-37. As previously observed, E. coli was effectively killed when it was incubated with fresh LL-37 alone (inset boxes, Figures 4C and 4D) . However, the bactericidal activity of 25 mg/ml of LL-37 against E. coli was completely lost after coincubation with CL ( Figure 6C , no. 6). In stark contrast, LL-37 retained potent antibacterial activity against E. coli despite incubation with PI, PE, and PC ( Figure 6C , nos. 5, 7, and 8). LL-37 antibacterial activity for E. coli was also abrogated when the peptide was incubated with TLEs of 12-54-Sw-B-1 or 12-7-S-1-3, but not with the vehicle control ( Figure 6C , nos. 4, 9, and 10).
Discussion
In this study, we used our collection of environmental and clinical isolates of RGM and SGM that we previously identified to the species and subspecies levels using gene sequencing to further explore NTM infectivity and virulence. Based on our data, we believe that in vitro assays of cell-associated NTM survival in the presence of macrophages and evasion of LL-37 bactericidal activity are useful for distinguishing more-and less-infective NTM isolates. Our data provide additional evidence supporting our hypothesis that more-virulent NTM isolates are more capable of neutralizing the antibacterial activity of LL-37 than less-virulent isolates.
In this study, we took additional steps to identify the NTM-derived antagonist(s). First, TLC and LL-37 binding assays ( Figure 5 ) demonstrated that LL-37 binds to polar NTM lipids. The MS data presented in Figures E1 and E2 support our TLC data, and further implicate NTM phospholipids as potential molecules that interact with LL-37. The data presented in Figure 6 provide additional evidence that the phospholipid CL is a viable candidate to be an antagonist of LL-37 antibacterial activity. However, because the TLEs from both the more-and lessvirulent M. chimaera isolates inactivated LL-37 to similar degrees ( Figure 6C ), more studies are warranted to further dissect the nuances of this virulence mechanism. CL is an important component of the inner mitochondrial membrane of eukaryotic cells, particularly in the heart muscle of mammals, as well as in the membranes of prokaryotes (20) . Although as a phospholipid of mycobacteria, it often accounts for a large percentage (30-50%) of the total phospholipid content (21) , the similarities between human and NTMderived CL are unknown at this time. Higher amounts of CL are associated with more pathogenic mycobacteria, including M. tuberculosis (21-23), but little is known about its functional role in the pathogenesis of NTM lung infections. Mycobacterial PI is another phospholipid that is abundantly present in the membrane and plays an essential role in viability, growth, and infectivity (24, 25) . PI is the basic subunit for the synthesis of PIM, lipomannan, and lipoarabinomannan-higher-order glycolipids and lipoglycans, and major constituents of the mycobacterial CW (26) (27) (28) . The diversity and high amounts of phospholipids in the mycobacterial CM suggest the possibility that subtle and overt differences in the resistance to and inactivation of LL-37 among the different NTM species and strains may be due to differences in the strength of LL-37 antagonism as well as the relative abundance of these different phospholipids on the surface of these mycobacteria. Determining the differential amounts of CL, PI, and PIM in the CMs and CWs of more-and less-virulent NTM species, and their stochastic effects needed for LL-37 inactivation, was beyond the scope of this study and will be the focus of future studies.
In our experience, mycobacterial CL and PIM are notoriously difficult to separate and purify. Moreover, in the absence of robust, enriched fractions for NTM-derived CL, PIM, and other phospholipids, our MS analyses were unable to distinguish between CL and PIM (data not shown), or among the phospholipids phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine ( Figure E2 and Table E1 ). For this purpose, high-quality fragmentation data generated via tandem MS will be needed. Purified phospholipid fractions from various NTM species should also be tested in vitro along with dose titration and kinetic assays to validate whether NTM-derived CL or PIM inactivate LL-37 to a higher degree than other phospholipids. Ideally, endogenous LL-37 peptide and NTM bioactive lipids should also be purified directly from patient samples and tested ex vivo for LL-37 antibacterial activity. Alternatively, specific neutralization of the bioactive phospholipid using enzymatic treatments in relevant biological material, such as BAL fluid from NTM-infected patients, would further support the notion that specific NTM-derived lipids neutralize LL-37. Further studies using purified or synthetic NTM-derived phospholipids have the potential to lead to the development of novel, targeted therapeutics to alleviate NTM infections. We acknowledge that NTM species may possess unique virulence attributes and structural features, such that the aforementioned phospholipids may not be the only molecules capable of inactivating LL-37, and these lipid species may even act as molecular decoys. We do not discount the possibility that other neutral lipid species (e.g., methylmannose polysaccharides) coexist within this phospholipid-enriched polar lipid fraction and may also influence the antibacterial activity of host-protective innate immune peptides (29) . Robust chemical classifications will be needed in future work to define and identify possible LL-37-interacting NTM bioactive products. Detailed lipidomic studies may also help to identify additional differences in lipids between more-and less-virulent NTM isolates.
In this study, we also show a wide range of viability and growth in THP-1 macrophages among the different isolates of M. abscessus subsp. abscessus tested (Figure 2A ). The single isolate of M. porcinum tested demonstrated low infectivity in THP-1 macrophages, but we anticipate that examining a larger number of M. porcinum isolates will reveal a wide range of intraspecies infectivity similar to that seen with M. abscessus. Additionally, differences in inter-NTM-species infectivity were noted for MAC (Figures 2B-2D) . Overall, we found that two of the five M. intracellulare isolates tested (40%) showed a numerical increase in macrophages in a temporal fashion. However, all of the M. avium, M. timonense, M. interjectum, and M. marseillense isolates tested showed decreased numbers of cellassociated NTM in the presence of macrophages. Regarding M. chimaera, three of 15 isolates tested (20%) (12-54-Sw-B-1, 12-42-Sw-A-3, and 12-40-Sw-A-1) showed positive growth in the number of cell-associated NTM in the presence of THP-1 macrophages, suggesting that these isolates are better equipped to survive in macrophages than other isolates of the same species. Importantly, these data indicate that although all were identified as M. chimaera, they showed an intraspecies variability in their ability to survive in human immune cells, including human MDMs and AMs ( Figures 3A and 3B) .
We did not uniformly observe that clinical isolates were more infective to macrophages than environmental isolates; rather, we found that infectivity varied among the different NTM species and among different strains within the same species. By comparison, in a study performed over 20 years ago, Pedrosa and colleagues reported that animal-derived . The bioactivity of LL-37 against Escherichia coli was also assayed to assess whether NTM was capable of neutralizing LL-37. Also shown is the growth of E. coli incubated alone (no LL-37) or with neat LL-37 (i.e., LL-37 not exposed to NTM-conditioned medium [both surrounded by a black box]). (E) The direct effects of 25 or 150 mg/ml of LL-37 on the viability of M. chimaera 12-54-Sw-B-1 and 12-7-S-1-3 were assessed by cfu counts after the indicated times. n = 3 independent experiments. *P , 0.04, **P = 0.008, MAC isolates were more virulent in mice, human MAC isolates were less virulent in mice, and environmental isolates were unable to infect mice (30 
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Tatano and colleagues identified M. avium isolates from patients with either nodular bronchiectasis or cavitary LD (n = 5 for each group), and compared their survival in THP-1 macrophages (31). They observed no significant difference in growth between the two groups, suggesting that M. avium isolates show similar intraspecies virulence. More recently, Rindi and colleagues demonstrated that infection with a M. avium subsp. hominissuis sequevar A (MAH-A) or B (MAH-B) resulted in similar bacterial burdens 2 hours after infection in peripheral blood mononuclear cells and THP-1 macrophages (32). However, MAH-A showed significantly higher cfu by day 5 after infection than MAH-B, which suggests that MAH also exhibits intraspecies differences in virulence.
In summary, we show that NTM infectivity correlates with resistance to and antagonism of LL-37, and that the leading candidate for this immune evasive mechanism is a modified phospholipid such as CL or PIM, both of which are major components of the NTM CM. We also provide evidence that macrophage infectivity varies among different species of related NTM and among different isolates of the same NTM species. Future work should also correlate in vitro NTM infectivity and LL-37 evasion with clinical and radiographic assessments of disease severity and prognosis in patients with NTM-LD, identification of pointof-care biomarkers of infectivity, and the design of novel therapeutics that target NTM-derived pathogenic determinants (e.g., CL and PIM) as an immunoenhancer by, for example, preventing the antagonism of LL-37. n Author disclosures are available with the text of this article at www.atsjournals.org.
